The synthesis of a novel ligand system (1) composed of two bipyridine units linked by a crown ether moiety is described. Addition of 2 equiv of [C u(M eC N )4]BF4 to 1 and subsequent oxidation yield a dinuclear M-hydroxobridged copper(II) complex, [(l)C u 2( 0 H ) 2BF4]BF4*2H20 (2). The structure of this complex has been determined by X-ray crystallographic methods. Crystal data: triclinic, space group/>! (N o. 2), a = 10.060(1) Â, b = 12.747(2) Â, c = 16.787(1) Â, a = 92.01(1)°, 0 = 103.01(2)°, 7 = 104.01(2)°. The C u -O -C u angles in complex 2 are nonequivalent (94.8 and 98.4°). One of the coppers is pentacoordinated; the other is hexacoordinated. Two molecules of 2 are linked by hydroxo ligands, forming a tetranuclear complex in which the Cu2(O H )2 units have parallel but shifted positions. Magnetic susceptibility and EPR measurements suggest that complex 2 has a triplet ground state, with a triplet-singlet energy gap of 16 cm-1.
Introduction
During the past two decades, interest in the coordination chemistry of dinuclear copper complexes has grown steadily.2 Part of this stems from the fact that dinuclear copper centers are found in the active sites of metalloproteins.3 Current research is aimed at gaining insight into the factors governing the redox chemistry4 and magnetic properties5 of such complexes and at the binding and/or activation of molecular oxygen.2* 3 As part of our program aimed at the development of métallo hosts,6 we describe here the synthesis, X-ray structure, and magnetic properties of a new copper complex (2) combining a dinuclear redox center and a potential crown ether binding site.
Syntheses. 5-Methyl-2,2'-bipyridine. This compound was synthesized by following Krohnke's procedure. 7 5-Carboxy-2,2'-bipyridine. This compound was synthesized according to the procedure described by Case for the preparation of 5,5'-dicarboxy-2,2'-bipyridine. 8 5-(ChIorocarbonyl)-2,2'-bipyridine. A suspension of 0.3 g (1.5 mmol) of 5-carboxy-2,2'-bipyridine in 15 mL of SOCl2 was refluxed under a dinitrogen atmosphere. The solid material dissolved completely after 30 min of refluxing, and the solution remained homogeneous throughout.
After 15 h, SOCl2 was evaporated. The product was characterized by the fact that the OH vibration at 3500 cm-1 had disappeared.
1,10-Bis(2,2'-bipyridy 1-5-y lcarbony 1)-1,10-diaza-4,7,13,16-tetraoxacyclooctadecane (1). To a solution of 0.162 g (0.62 mmol) of 1,10-diaza-4,7,13,16-tetraoxacyclooctadecane (2,2'-Kryptofix) in 10 mL of dichloromethane were added 0.270 g (1.24 mmol) of 5-(chlorocarbonyl)-2,2'bipyridine and 0.25 g (2.47 mmol) of triethylamine. This solution was stirred for 12 h, after which the solvent was removed in vacuo. The residue was purified by column chromatography over silica using chloroform/methanol (98/2, v/v) as eluent, to afford 0.217 g (0.35 mmol, 56%) of 1 as an oil. >H N M R (CDCI3, 298 K): b 3.6 and 3.8 (2 X s, 24H, N C //2C //2O C //2C //2O C //2C i / 2N ), 7.4 (m, 2H, py H), 7.9 (m, 4H, py H), 8.4 (m, 4H, py H), 8.7 (m, 4H, py H).
[(1 )Cu2(0 H )2BF4]BF4*2H 20 (2). In order to avoid the possible formation of mononuclear C u11 species, we first prepared the dinuclear Cu1 complex of 1, which was subsequently oxidized to the dinuclear, bis(^-hydroxo)-bridged C u11 complex. To a solution of 0.1 g (0.16 mmol) of 1 in 10 mL of thoroughly degassed acetonitrile was added 0.1 g (0.32 mmol) of [C u(M eCN )4]BF4-9 After the solution had been stirred for 2 h, a small amount of water was added. The solution was subsequently stirred open to air for 30 min. After evaporation of the solvent and recrystallization from acetonitrile/ether, compound 2 was obtained as green cubic crystals, suitable for X-ray analysis. Yield: ~ 100%. Mp: dec >180 °C. The physical characterization of 2 is given in the Results and Discussion.
Physical Measurements. The FT-IR spectra were recorded on a Mattson 5020 connected to a personal computer at a resolution of 2 cm-1 over the range 4000-500 cm-1. An RIIC-VLT-2 variable-temperature unit equipped with KBr windows was connected to a West M2071 Scheme I Table I . Crystal Data for [(l)C u 2( 0 H ) 2BF4]BF4*2H20 2 N Rl3 t 1 2 microprocessor-based controller. Liquid nitrogen was used as coolant, enabling us to obtain Nujol mull spectra over a temperature range of 300-150 K. Second-derivative spectra were calculated using the standard Mattson First software. Variable-temperature magnetic susceptibility data were collected in the temperature range 4.2-270 K by using a Oxford Instruments Foner-type magnetometer, calibrated with a Ni sample. A main solenoid field of 12 000 G was employed. Temperatures were recorded with calibrated resistance thermocouples. EPR spectra were recorded at X-band frequency in the temperature range 10-40 K using a Bruker ESP 300, equipped with a helium continuous flow cryostat. *H N M R spectra were recorded on a Bruker WH-90.
X-ray Structure Determination of [(l)C u2(0 H )2BF4]BF4*2H 2 0 . Col lection and Reduction of Crystallographic Data. A crystal (0.17 X 0.27 x 0.38 mm) was mounted in a capillary. X-ray data were measured on a Nonius CAD4 diffractometer. Standard experimental and computa tional details are given elsewhere.10 The crystal data are listed in Table   I .
Solution and Refinement of the Structure. The positions of the copper atoms were found by Patterson interpretation and those of the remaining non-hydrogen atoms by direct-methods fragment expansion (D IR D IF11). The structure was refined by full-matrix least-squares techniques using SH E LX .11 Anisotropic temperature parameters were used for the non hydrogen atoms except for those of the bipyridyl groups. The temperature factors of the H atoms of the bipyridyl groups were kept 0.01 A2 larger than the temperature factors of their C atoms. The H atoms on 0 (19) and 0 (20) were taken from a difference Fourier map, and their temperature factors were refined. The H atoms of the crown ether were placed on the calculated positions and refined in a riding mode (C -H = 1.00 A) using one overall temperature factor. To compensate for local Figure 1 . Ortep II12 drawing of 2 with 50% probability anisotropic displacement ellipsoids for the non-hydrogen atoms.
disorder in the crown ether we split the atoms 0 ( 1) and C( 18) into a ratio which refined to 0.8, whereas the neighboring atoms could not be split but led to large anisotropic temperature factors. In the difference electron density map, a region of electron density was observed in the neighborhood of the BF4 anions near a center of symmetry (0.5, 0.5, 0.5). A channel of width 4.2 A (H(51)***H(5r) distance) connects two symmetry-related regions. To match for the observed electron density, we put in two oxygen atoms, 0(99) and 0(100), for the following reasons, 0(99) was found with a peak height of 3.0 e A-3, at suitable distances to the neighboring fluorine atoms (F(2), F(4), F(6'), and F(7'), distances of 3.38,3.16,3.39, and 3.17 A). 0(100) was found with a peak height of only 0.9 e A-3, at a hydrogen-bonding distance 0 (9 9 )-0(100) of 2.55 A, and no other contacts with non-hydrogen atoms less than 3.43 A were found; its electron density is smeared out and passes over the center of symmetry (0.5, 0.5, 0.5), which explains the very large anisotropic temperature factor and suggests some degree of disorder. The presence of water molecules is supported as well by the IR measurements (see below). Final convergence was reached at R = 0.053. The function minimized was Ew(F0 -|FC |)2 with h> = l / [ a 2(F0) + 0.0004Fo2]; maximum residual electron density was 0.4 e A-3. The molecular structure of the complex with the crystallographic numbering of its atoms is given in Figure l . 12 The coordination of the copper centers and the numbering of the involved atoms are given in Figure 2 . The atomic numbering of the second BF4 anion (B(2), F(5), F(6), F(7), F(8)) and of the two water molecules (0(99), 0(100)) is omitted from the figures for clarity. Positional and thermal atomic parameters are given in Table II , and selected interatomic distances and angles, in Table III .
Results and Discussion
Description of the Structure. The X-ray structure of complex 2 shows two molecules around a crystallographic-center of (12) Johnson, C. K. ORTEP II. Report ORNL-5138; Oak Ridge National Laboratory: Oak Ridge, TN, 1976.
2) H20/02 lf (6) 5.1(4) C(5A) 0.4250(9) -0.0211 (7) 0.3356(5) 4.1(2) C(9) -0.1673(10) 0.1171 (7) 0.2795 (6) -0.2061(9) 0.3756 (7) -0.1974(6) 4.6(2) F(6) 0.3170 (7) 0.1659 (6) 0.7595(4) 9.6(4) C(12B) -0.2116(9) 0.4082 (7) -0.1199(5) 4.0(2) F(7) 0.1936 (8) 0.2854(6) 0.7696(5) 10.6(4) C(13B) -0.0873(9) 0.4509 (7) 0.2889(5) 3.5(2) F(8) 0.2485 (7) 0.1905 (7) 0.8756(4) 11.8(4) 0(14B) 0.0319(6) 0.5033(5) 0.3257(4) 5.1(3) 0(99) 0.5403(12) 0.5814(9) 0.2874 (7) 15.5(7) 0(1) 0.0955(11) 0.2292 ( 
1.995 (7) C u (l)-C u (l') 3.542(3) C u (l)-0 (1 9 ) 1.975(5) C u (l)-C u (2 ') 3.778(2) C u (l)-0 (2 0 ) 1.918 (6) Cu( 1)-0(19') 2.559(5) Cu(2)-N(2B) 2.000 (7) Cu (2 )-C (9 A ') = 3.09(1) A (see also Table III ).
The two hydroxo groups that link the two Cu1 1 centers are different (Figure 2). One of them (0 (1 9 ) ) is hydrogen-bonded to a fluorine atom (F (8)) (not shown in Figure 2 À, respectively. We assign the two above mentioned absorptions at 3593 and 3531 cm-1 therefore to the two different OH" groups in 2. The underlying broad band is probably due to water molecules included in the crystal lattice. These molecules have different OH stretching vibrations because they have different association patterns with oxygen and fluorine atoms. This assumption is supported by the fact that the region between 1580 and 1650 cm-1 exhibits several other absorption bands which are the result of H 20 deformations. Acetonitrile, another molecule possibly included in the crystal, could not be detected in the IR spectra. On the basis of these observations, we may therefore conclude that the region of electron density observed in the difference electron density map is due to water molecules.
IR spectra were recorded in 50 K steps from 300 to 150 K. Band maxima were located using the second-derivative technique. As can be seen in Figure 3 x" =^[ 1+i exp(^p)] i + Na+p (i) in eq 1 have their usual meaning, p accounts for the contribution of monomeric impurities present in the sample. In order to account for lattice effects, the temperature term in eq 1 was replaced by (T -9 ), 0 being a parameter that describes the interdimer interaction. The magnetic parameters that gave the best fit were g = 2.16, J = + 1 6 cm-1, and 0 = 1.2 X 10~2 K (see Figure 4) . This fit was obtained if it was assumed that approximately 1% monomeric impurities were present. The positive J value can be rationalized in terms of a triplet ground state and a higher lying singlet excited state, which are separated by 16 cm-1. These findings are in agreement with the EPR spectrum of 2 (vide infra), which shows both triplet and doublet signals.
EPR.
A frozen solution of 2 (1 mM ) in acetonitrile gave a broad signal at g = 2 with an anisotropy and hyperfine splitting typical of Cu2+ in a ligand field of axial symmetry (not shown). The values of g _ L, and ^4cu|| w^re 2.05, 2.26, and 165 G, respectively. N o other signals were detected in the temperature
